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We developed a multiscale approach to explore the effective thermal conductivity of polycrystalline
graphene sheets. By performing equilibrium molecular dynamics (EMD) simulations, the grain size effect
on the thermal conductivity of ultra-fine grained polycrystalline graphene sheets is investigated. Our
results reveal that the ultra-fine grained graphene structures have thermal conductivity one order of
magnitude smaller than that of pristine graphene. Based on the information provided by the EMD
simulations, we constructed finite element models of polycrystalline graphene sheets to probe the

thermal conductivity of samples with larger grain sizes. Using the developed multiscale approach, we
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Accepted 3rd January 2014 also investigated the effects of grain size distribution and thermal conductivity of grains on the effective

thermal conductivity of polycrystalline graphene. The proposed multiscale approach on the basis of
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1. Introduction

Graphene,' a single layer form of carbon atoms, is an excep-
tional material because of its unique properties.>* Graphene is
a highly attractive material due to its exceptionally high thermal
conductivity,” mechanical® and electrical properties.” The
unique combination of high thermal, mechanical and electrical
properties renders graphene as an extraordinary material for a
wide variety of applications from nanoelectronics to the aero-
space industry. It should be noted that the reported good
thermal, mechanical and electrical properties of graphene
belong to samples of defect-free, single crystal and single-layer
graphene. Therefore, the properties of graphene like all other
known materials could be affected by the existence of defects in
the crystal lattice. Graphene, being a highly stable material,
does not allow the formation of any detectable concentration of
defects at temperatures below its melting point.® It has been
reported® that the lattice defects in graphene are formed
primarily during the fabrication of graphene sheets. The first
challenge in regulating the defect concentration of graphene
sheets therefore lies in controlling the fabrication process.
Moreover, for practical applications of graphene, it is of crucial
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conductivity of polycrystalline graphene and other 2D structures.

importance to develop the fabrication processes such that they
can produce large-scale graphene sheets. Among all the devel-
oped approaches for the fabrication of graphene sheets, the
chemical vapor deposition (CVD) technique is the only way to
produce industry-scale graphene sheets.® Crystal growth during
the CVD method leads to the formation of polycrystalline gra-
phene structures rather than monocrystalline structures. In a
polycrystalline graphene sheet, at places where the grains meet,
grain boundaries form, which consist of topological defects and
are considered as dislocation cores, as opposed to within the
grains. As the grain size decreases, the number of carbon atoms
along the grain boundaries increases and accordingly the defect
concentration in the structure increases. It is therefore expected
that the grain boundaries in polycrystalline graphene sheets
grown by the CVD technique may not only decrease the elec-
trical and thermal conductivity of graphene but also substan-
tially affect the structural stability of graphene under
mechanical loading.” A fundamental understanding of grain
boundary effects on the mechanical, thermal and electrical
properties of graphene is therefore of crucial importance for the
future applications of graphene.

Using first principles calculations, it has been reported that
the grain boundaries in graphene comprise a series of
pentagon/heptagon pairs.'»*> These observations promoted a
number of investigations on the heat flow across the graphene
grain boundaries using molecular dynamics (MD) simula-
tions.’** In all of the MD models developed in these studies,
periodic boundary conditions were applied along the graphene
width, which implies that the results correspond to infinite
grain boundaries. Therefore, it is difficult to correlate the
reported results with the bulk polycrystalline graphene sheets.

This journal is © The Royal Society of Chemistry 2014
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Recently, Kotakoski and Meyer*® proposed a methodology for
the construction of polycrystalline graphene sheets. The con-
structed molecular models were then used to study the
mechanical® and charge transport' response of polycrystalline
graphene.

The objective of this study is to provide a new viewpoint
concerning the thermal conductivity of polycrystalline gra-
phene sheets using a combination of atomistic and continuum
approaches. To this aim, MD simulations were performed for
the evaluation of the thermal conductivity of ultra-fine grained
graphene sheets. We used a similar methodology to that
explained in ref. 15 for the construction of realistic molecular
models of relatively large polycrystalline graphene sheets with
equivalent grain sizes ranging from 1 nm to 5 nm consisting of
25 up to 400 grains. Subsequently, the equilibrium molecular
dynamics (EMD) approach was employed to study the grain
size effect on the thermal conductivity of ultra-fine grained
graphene samples. As expected, the EMD results demonstrated
that decreasing the grain size decreases the thermal conduc-
tivity due to phonon scattering at the grain boundaries. The
EMD results reveal that the ultra-fine grained graphene
structures have thermal conductivity one order of magnitude
smaller than that of pristine graphene. The high computa-
tional costs of MD simulations impose strict limitations for
the modeling of larger systems. While MD modeling is a
powerful tool for studying the material's response at an atomic
level, it is computationally unfeasible in the study of materials
with macroscopic sizes, such as polycrystalline graphene
sheets with microscale grain sizes. Thus, in addition to the
atomistic modeling by the MD method, macroscopic poly-
crystalline graphene models were constructed using the finite
element approach. In the finite element models, all the grain
boundaries were assumed to exhibit an effective contact
conductance. This effective thermal conductance was acquired
by fitting the finite element results to the EMD results for
ultra-fine grained structures. By performing the finite element
calculations for the systems with larger grain sizes, close
agreement between the finite element results and the EMD
extrapolated curve was observed. We also employed the
finite element approach to investigate the effect of grain size
distributions on the effective thermal conductivity of poly-
crystalline graphene sheets. The proposed multiscale
approach in this study could be used efficiently to evaluate the
thermal conductivity of polycrystalline graphene and other 2D
structures.

2. Molecular dynamics modeling

In this study, classical molecular dynamics simulations were
carried out in order to evaluate the thermal conductivity of
ultra-fine grained polycrystalline graphene sheets at room
temperature (300 K). Molecular dynamics calculations in this
study were performed using LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator),’” which is a free and
open-source package. Second-generation reactive empirical
bond order (REBO) potential*® was used to model the covalent
interactions of carbon atoms. In all the molecular dynamics
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calculations in this study, periodic boundary conditions were
applied in planar directions and simulation time increment was
fixed at 1 fs. MD simulations were performed in the micro-
canonical ensembles starting from initial configurations and
then equilibrated at 300 K. Moreover, the Nosé-Hoover barostat
and thermostat method was used to relax the structures at zero
stress. Once the system was free of residual stresses, the struc-
tures were further equilibrated at room temperature using
Berendsen thermostat. At this stage, the system is at equilib-
rium conditions and the energy of the system is conserved by
performing the constant energy (NVE) calculations. The equi-
librium molecular dynamics (EMD) method was used to eval-
uate the thermal conductivity of graphene. The EMD method
relies on relating the ensemble average of the heat current auto-
correlation function (HCACF) to the thermal conductivity k, via
the Green-Kubo expression:

k= s |, a0 o

where « denotes the three Cartesian coordinates, Kz is the
Boltzmann's constant, V and T are the volume and temperature
of the system respectively. The auto-correlation functions of the
heat current (J,(¢)/(0)) can be calculated using the heat current
J(¢) as expressed by:"’

—

J(r>z(e,-7,+§2(ﬁ.(7,- +v7))r7-) @
i i<
here, e; and v; are respectively the total energy and velocities of
atom 1, f; and r; are respectively the interatomic force and
position vector between atoms i and j. By performing the
constant energy simulations, the heat current values along
planar directions were recorded in order to calculate the
HCACF. Using eqn (1), the thermal conductivity of graphene
structures is obtained by averaging the HCACFs along the
planar directions and for several independent simulations.
During the fabrication of graphene sheets using the CVD
method, the growth of graphene along arbitrary crystal orien-
tations is initiated at several nucleation sites simultaneously.
We developed a program in order to simulate such a growth
mechanism by creating a preselected number of randomly
placed nucleation sites on a plane with predefined dimensions.
The initial nucleation sites were randomly and uniformly
distributed in the plane. By assuming a square geometry for an
equivalent average grain in a polycrystalline graphene sheet, the

L2
grain size in this study is defined by “ﬁ’ where L is the side

length and N is the number of grains in the plane. In this way,
the equivalent average grain size for a plane with 20 nm length
and 100 grains would be 2 nm. Each nucleation site was
subsequently assigned a random angle between 0° and 90° so
as to define the grain growth orientation. The growth of
nucleation sites were then performed using an iterative
process in which any of the missing neighbors of a boundary
atom can appear with the same probability. Further growth of
a grain from a boundary atom is terminated when it meets
with another atom from the neighboring grain with a distance
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of below 0.1 nm. The growth of polycrystalline graphene is
completed when all the grains meet with their neighbors and
there is no possibility for any atom to be added in a lattice. In
order to remove the effects of edge atoms on the reported
effective properties, the constructed models were developed by
taking into account the periodicity criterion. This means that
if one puts these samples side by side together no mismatch in
the lattices should be observed. This is to ensure that the
reported properties are from graphene sheets and not from
graphene nanoribbons. After creating initial positions for
carbon atoms, MD calculations were used to form the grain
boundaries in the polycrystalline graphene sheets. The initial
structures were equilibrated at room temperature (300 K) for
50 ps using the Nosé-Hoover thermostat method (NVT). Then,
the structures were uniformly heated to 3000 K, below the
melting point of graphene using the NVT method for 50 ps. At
this stage, the temperature of the systems was kept at 3000 K
using the NVT method for 50 ps. The high mobility of carbon
atoms at 3000 K allows rearrangement of their positions until
the minimum energy state is achieved. Next, the samples were
cooled from 3000 K to room temperature for 50 ps. The
structures were then equilibrated at 300 K for another 50 ps
using the NVT method. To ensure the accurate equilibrium
state of the structures, the systems were finally relaxed to zero
stresses at room temperature using the Nosé-Hoover barostat
and thermostat method (NPT) for 10 ps. At this stage, the
structure is accurately prepared for the evaluation of thermal
conductivity.

3. Atomistic results

Fig. 1 depicts two samples of ultra-fine grained graphene sheets
constructed with an average grain size of 2 nm with 100 grains
and an average grain size of 5 nm with 25 grains. In the con-
structed samples, the grain boundaries and grain boundary
junctions are formed similarly to the samples reported in the
work by Kotakoski and Meyer." The side views in Fig. 1 illus-
trates that by decreasing the grain size, the defective zones
spread more along the graphene sheet and cause the structure
to undergo considerable deformation and deflection. Moreover,
different types of grain boundaries could be observed which is
naturally linked to the misorientation angle between two adja-
cent grains. In this way, where the misorientation angle
between two neighboring grains is small, the grain boundaries
are free of defects and one could not easily distinguish the
initial grains.

The constructed polycrystalline graphene structures were
used to study the grain size effect on the thermal conductivity
of graphene. In this work, for each grain size, the thermal
conductivity was calculated for two different samples with
different grain configurations. Moreover, for each sample, the
calculations were performed for six different simulations with
uncorrelated initial conditions. The results for each simulation
were averaged along the planar directions (x and y directions).
In Fig. 2, the calculated thermal conductivity of pristine and
ultra-fine grained graphene structures as a function of corre-
lation time is shown. The MD results reveal that at the
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Fig.1 Molecular models of ultra-fine grained graphene sheets. (a) Top
and (b) side views of periodic 25 nm x 25 nm polycrystalline graphene
with an average grain size of 5 nm consisting of 25 grains. (c) Top and
(d) side views of periodic 20 nm x 20 nm polycrystalline graphene with
an average grain size of 2 nm consisting of 100 grains.

correlation time of 10 ps, the thermal conductivity for pristine
graphene is well-converged. By decreasing the grain size, the
thermal conductivity converges at lower correlation times.
Moreover, distinct differences between the thermal conduc-
tivity of pristine and ultra-fine grained graphene samples can
be observed. To ensure the size independency of the reported
results, the calculations were performed up to around 25 000
atoms for pristine graphene. Using eqn (1), the thermal
conductivity of pristine graphene was calculated to be 280 +
15 W m ' K ', which is one order of magnitude below the
experimentally measured thermal conductivity of single-layer
graphene.® The REBO potential has been widely used for the
modeling of thermal conductivity of graphene structures.*>
Using the non-equilibrium molecular dynamics (NEMD) and
REBO potential, Thomas et al' reported that the thermal
conductivity of bulk graphene with a length of 600 nm
converges at 350 W m~ " K~ '. However, it is worthy to note that
in other NEMD studies with REBO potential, the thermal
conductivity of graphene was reported to be within the range
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Fig. 2 Normalized thermal conductivity of ultra-fine grained gra-
phene sheets with respect to the pristine graphene thermal
conductivity, kp.
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of 1000 to 2000 W m~* K '.2*%* It should be emphasized that
our aim is a comparative study of the grain size effect on the
thermal conductivity of graphene and not to reproduce an
accurate thermal conductivity of defect-free graphene.
Accordingly, in this study, we report the normalized thermal
conductivity of polycrystalline structures with respect to the
thermal conductivity of pristine graphene. We note that the
optimized Tersoff potential developed by Lindsay and Broido**
yields more accurate results for thermal conductivity of pris-
tine graphene. Using the NEMD simulations along with the
optimized Tersoff potential, we calculated a thermal conduc-
tivity of 3000 W m~ ' K™ ' for pristine graphene®?® in close
agreement with Boltzmann transport calculations.>* However,
a recent EMD study using the optimized Tersoff potential
reports a lower thermal conductivity of around 1000 W m™*
K ' for pristine graphene.” Importantly, we found that the
optimized Tersoff potential** could not be employed neither in
the construction of polycrystalline samples nor in the evalua-
tion of thermal conductivity. This is mainly due to the limited
reactivity of Tersoff potentials®®** which does not allow the
formation of complex grain boundaries. Moreover, for the
constructed polycrystalline graphene samples, we found that
the optimized Tersoff potential could not accurately control
the temperature fluctuations at room temperature.

The normalized thermal conductivities of ultra-fine
grained graphene sheets with respect to the pristine graphene
thermal conductivity are illustrated in Fig. 3. As expected, the
thermal conductivity of graphene decreases sharply as the
grain size decreases. Our results suggest that the ultra-fine
grained graphene structures have thermal conductivity one
order of magnitude lower in comparison with the defect-free
graphene. Using the obtained results for ultra-fine grained
graphene, we could estimate the thermal conductivity of
polycrystalline graphene samples. We note that the effective
conductivity of a series of line conductors with equal length
and connected with point conductors is dependent on the
conductor’s length through a first order rational curve (see
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Fig. 3 Normalized thermal conductivity of polycrystalline graphene
sheets as a function of grain size. The dot points are the EMD results for
ultra-fine grained graphene and the dashed line is the fitted curve by
the use of EMD results to predict the thermal conductivity of poly-
crystalline graphene structures with larger grain sizes.
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Appendix A). Therefore, we fit a first order rational curve (as
presented in Fig. 3 with a dashed line) with a very good
accuracy to extrapolate the EMD results in order to explore
the thermal conductivity of polycrystalline graphene sheets
having larger grain sizes which are very difficult to study by
atomistic based approaches. Interestingly, the extrapolated
results suggest that for an average grain size of 600 nm,
which represents the mean free path of graphene at room
temperature,®® the thermal conductivity of polycrystalline
graphene would be only 2% less than that of pristine
graphene.

To relatively examine the mechanism responsible for this
reduction of thermal conductivity in polycrystalline graphene
samples, we calculate the carbon atom phonon density of states
(PDOS). The PDOS was computed by calculating the Fourier
transformation of carbon atom velocity autocorrelation func-
tions by the following relationship:

PDOS (&) — J <v(1)9(0) > eds 3)

where  is the frequency and v is the velocity of carbon atoms.
In Fig. 4, the calculated PDOS curves for carbon atoms in
pristine graphene and those along the grain boundary and
grain boundary junction are plotted. We note that the PDOS of
carbon atoms inside the grains are similar to those of pristine
graphene with characteristic peaks occurring at the same
frequencies. For pristine graphene a main peak at 50 THz
exists, which is characteristic of the two-dimensional graphene
sheet phonon spectrum. As the first finding, we could observe
that PDOS curves for carbon atoms along grain boundary and
grain boundary junctions appear to be very similar. In these
cases, the phonon scattering cause considerable damping of
the main peak around 50 THz. On the other side, the PDOS
calculation reveals that the damping of low frequency phonons
along the grain boundaries is insignificant. Since the domi-
nant heat carriers in graphene are low frequency acoustic
phonons, the PDOS results suggest high thermal conductance
of grain boundaries.

~
< Grain boundary
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;; — Grain boundary junction
8 L
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Frequency (THz)

Fig. 4 Calculated phonon density of states (PDOS) for carbon atoms
in pristine graphene and carbon atoms in grain boundary and grain
boundary junctions.
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4. Multiscale results and discussion

To provide a better viewpoint concerning the effective
thermal conductivity of polycrystalline graphene structures
with larger grain sizes, we used the finite element approach.
The main advantage of the finite element in comparison with
atomistic modeling is that one could study the systems at
the macroscopic scale and over long periods while the
atomistic modeling is commonly limited to studying very
small sample sizes at the nanoscale and for extremely short
times on the order of nanoseconds. However, in the finite
element modeling of macroscopic samples, the atomistic
effects are neglected. Accordingly, the combination of finite
element and atomistic simulations is a promising approach
to pass the limits associated with each of the methods. From
this point of view, one could use atomistic simulations to
provide the information to enrich the finite element
modeling in order to study the material properties at the
macroscopic scale.*® Motivated by this idea, we aimed to
develop a methodology on the basis of finite element and
molecular dynamics to systematically study the thermal
conductivity of polycrystalline graphene sheets. In the finite
element modeling in this study, in a similar way to our MD
modeling, we uniformly distributed 1000 points in square
planes with predefined dimensions. Each point is then
considered to be the center of a grain in the desired
microstructure. Based on the distributed points, we con-
structed Voronoi cells with mirror symmetry at all edges.
We used COMSOL package for the extensive finite element
simulations in this study. Samples of constructed

Temperatur:
[1300.1

300.05

300

299.9

299.95

View Article Online

Paper

polycrystalline graphene sheets are shown in Fig. 5. For the
evaluation of thermal conductivity, we used the one dimen-
sional form of the Fourier law:

ke = ¢q é (4)
here, k. is the effective thermal conductivity of the structure
and q is the heat flux. In this approach, we applied a tempera-
ture difference (A7) of 0.2 K along two opposite edges and the
resulting heat flux (g) over the entire sample was averaged to
calculate the effective thermal conductivity. The thermal
contact interactions between adjacent grains are introduced by
using contact elements with an effective grain boundary
conductance. In this study, we assume that the grains have the
same thermal conductivity as that of pristine graphene and all
the grain boundaries exhibit a common effective contact
conductance. To evaluate this effective contact conductance, we
fit the finite element results to the five data points provided by
the EMD approach. By performing the finite element calcula-
tions, the effective contact conductance of polycrystalline gra-
phene samples was measured with respect to the pristine
thermal conductivity (kpristine) t0 be: Kpristine/(30.0 nm). If we
assume the thermal conductivity of single layer graphene to be
4000 W m~' K as reported in ref. 5, the effective grain
boundary conductance would be around 133 GW m™> K.
Using the NEMD approach, Bagri et al** reported grain
boundary conductance of 15GWm >K ' to 45 GWm >K * for
three different misorientation angles. This discrepancy with
MD results could be explained by several reasons. First, the
calculated grain boundary conductance is an averaged and
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Fig. 5 Samples of constructed finite element models for the evaluation of thermal conductivity of polycrystalline graphene structures. (a)
Temperature and (b) heat flux distribution of a polycrystalline graphene sheet with an average grain size of 5 nm (the scale bar is 10 nm). (c)
Temperature and (d) heat flux distribution of a polycrystalline graphene sheet with an average grain size of 500 nm (the scale bar is 1000 nm).
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effective value, which is applied to all grain boundaries even
along those with small misorientation angles. For small
misorientation angles for two neighboring grains, the formed
grain boundary is defect-free, which consequently means that
the thermal conductance of the grain boundary is infinite. As
shown in Fig. 1a, the constructed sample consists of several
defect-free grain boundaries. Secondly, the conductivity of the
grain boundaries depends strongly on the wavelength of the
transmitted phonons. Thus, for large samples with many grain
boundaries, phonons with an unfavorable wavelength
contribute only little to the total conductivity. The average
conductivity of the phonons that do contribute to the effective
conductivity is significantly higher if only a few grain bound-
aries are considered. Moreover, the work by Bagri et al.*® did not
show limits for grain boundary conductance values, since
increasing trends were reported as the length of samples
increased. On the other hand, in our approach the grain
boundary conductance is linked to the prediction of the thermal
conductivity of pristine graphene. We note that in the work by
Bagri et al.,** the thermal conductivity of pristine graphene was
reported to be 2650 W m~"' K, and based on our finding the
effective contact conductance would be 88 GW m ™2 K™, which
is in closer agreement with the results reported in ref. 13. We
would like to remind that our finding for grain boundary
conductance is on the basis of relying on the REBO potential
results for the relative thermal conductivity of polycrystalline
graphene with respect to that of pristine graphene. Therefore,
further studies with other inter-atomic potential functions for
carbon atoms are necessary to provide a more comprehensive
vision.

In Fig. 5, samples of constructed finite element models for
uniform grain distributions with an average grain size of 5 nm
(Fig. 5a and b) and 500 nm (Fig. 5c¢ and d) are shown. As dis-
cussed earlier, a temperature difference of 0.2 K was applied
along the sample as the loading condition. Because of the
applied boundary condition, the established temperature
distributions throughout the entire sample are similar for the
two studied cases. However, for the sample with an average
grain size of 5 nm, the temperature distributions inside the
grains are relatively constant and the established temperature
profile for the entire sample is mainly due to the jumps at the
grain boundaries. On the other side, considerable differences in
the heat flux distributions throughout the samples for the two
different studied grain sizes could be observed. As the first
finding, the established heat flux distribution for the grain size
of 5 nm is presenting a considerably inhomogeneous profile
while for the larger grain size it is found to be more uniform. For
the small grain size, the grain boundaries present the major
contribution to the effective thermal resistance of the sample.
Thus, the grains with larger length along the applied tempera-
ture difference carry the most thermal heat flux. For a larger
grain size of 500 nm, the grain boundary contribution is smaller
and therefore the overall heat flux distribution presents a much
more uniform and homogeneous response. We note that the
magnitude of heat flux values is proportional to the effective
thermal conductivity of the structure. Thus, for an average grain
size of 500 nm, the heat flux values are almost in one order of
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magnitude higher than those for the sample with an average
grain size of 5 nm.

In Fig. 6, we compared the normalized effective thermal
conductivity of polycrystalline graphene sheets calculated by
the finite element method with the EMD results' extrapolation
curve. In this study, the finite element calculations for every
grain size were performed for five different microstructures with
different random grain configurations and the calculated errors
were smaller than the maker size in Fig. 6. The finite element
approach yields considerably close results to the EMD estima-
tions for the entire range of studied grain sizes. As mentioned
previously, in our finite element modeling we assumed that the
grains have the same thermal conductivity as that of the pristine
graphene. To examine the error that might be raised due to this
assumption, the finite element calculations were performed for
the case that the thermal conductivity of grains was 10% below
that of pristine graphene thermal conductivity and the obtained
results are also plotted in Fig. 6. Interestingly, we found that at
low grain sizes the effective thermal conductivity is negligibly
affected, whereas at large grain sizes (higher than 200 nm) a
reduction with the same order (around 10%) is observed. This
observation is principally due to the fact that for the small grain
sizes, the contact resistance between the grains plays the
major role, while for grain sizes larger than 100 nm the
thermal conductivity of grains is the key factor for the effective
thermal conductivity. Consequently, assuming a lower thermal
conductivity for the grains in the ultra-fine grained samples
does not considerably affect the finite element estimations.
Moreover, when the grain size is close to the mean free path of
pristine graphene (600 nm as reported in ref. 30), assuming the
pristine graphene thermal conductivity for the grains is
justified.

Up to this stage, in our finite element modeling, we assumed
that the grains exhibit uniform size distributions. It is worth
mentioning that the experimentally fabricated polycrystalline
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Fig. 6 Comparison of finite element results with the EMD results’
extrapolation curve for the thermal conductivity of polycrystalline
graphene sheets. The results are normalized with respect to the pris-
tine graphene thermal conductivity k. The finite element calculations
were performed for two different cases in which the grain thermal
conductivity, Kgrain is equal to or 10% below the pristine graphene
thermal conductivity.

Nanoscale, 2014, 6, 3344-3352 | 3349


https://doi.org/10.1039/c3nr06388g

Published on 09 January 2014. Downloaded by SLUB DRESDEN on 11/4/2019 10:47:02 AM.

Nanoscale

Non-uniform distribution

(b)

Uniform distribution

Heat flux
no.7

Fig. 7 Constructed finite element models of polycrystalline graphene
sheets with an average grain size of 20 nm for (a) uniform and (b) non-
uniform grain distribution. Established heat flux distributions for (c)
uniform and (d) and non-uniform grain configurations.

graphene samples exhibit mainly non-uniform grain distribu-
tion rather than uniform configuration.*”>** Accordingly, to
examine the intensity of the grain distribution effect on the
reported effective thermal conductivity, we constructed the
finite element models with different grain configurations. In
Fig. 7, the constructed finite element models of polycrystalline
graphene sheets with an average grain size of around 20 nm for
uniform and non-uniform grain configurations are illustrated.
In Fig. 8, we plot the multiscale results for relative difference of
thermal conductivity of polycrystalline graphene structures with
non-uniform and uniform grain distributions as a function of
grain size. The obtained result indicates that the relative
differences between the uniform and non-uniform grain
distributions sharply decrease as the grain size increases. We
found that this relative difference becomes negligible for the
grain sizes higher than 500 nm. To better understand the
underlying mechanism for this improvement, we also plotted

o 25

S

~ p °

<~ 20 f

§ [ ]

5 5 F °
= 15

I &

| £ 10} Yoy

HE N

3 5T 'S

g ..‘0

1 10 100 1000

Grain size (nm)

Fig. 8 Multiscale results for relative difference in the thermal
conductivity of polycrystalline graphene structures with non-uniform
and uniform grain distributions as a function of grain size.
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the heat flux distribution throughout the two studied samples
(see Fig. 7c and d). At first glance, one could observe a
remarkably higher contrast in heat flux values for the sample
with non-uniform grain distribution in comparison with the
uniform case. As already discussed, for the ultra-fine grained
structures, the contact resistance between the grains is under-
stood to be the main factor in determining the overall effective
thermal conductivity. In these cases, the larger grains transfer
the major part of the heat flux. This way, by increasing the
difference between the grain sizes for the samples with non-
uniform grain distributions, the heat flux is carried primarily
through the large grains and mainly along those large grains
that are percolating together, which results in a higher effective
thermal conductivity of the sample (see Fig. 7d). Accordingly, by
decreasing the importance of grain boundary conductance for
the polycrystalline samples with larger grain sizes, the intensity
of the grain's distribution effect on the thermal conductivity
would decrease.

The obtained multiscale results suggest the possibility of
tuning the thermal conductivity of graphene through fabrica-
tion of polycrystalline structures. It is worth mentioning that a
recent experimental study® also proposed the fabrication of
polycrystalline graphene structures for tailoring the electrical
properties of graphene. This way, the main challenge is to
accurately control the CVD process in order to reach the desired
grain size for polycrystalline samples. Currently, this could be
achieved by controlling the reactant flow rates, local environ-
ments and substrate properties in the CVD approach.?>?**%¢ It
has been widely reported that the CVD approach can produce
polycrystalline structures with a grain size of 1 pm.***¢ From an
experimental point of view, the main efforts have been mainly
devoted to increasing the grain size in order to reach single
crystalline samples rather than fabrication of ultra-fine grained
structures. However, fabrication of polycrystalline graphene
structures with tunable thermal conductivity and correspond-
ing electronic properties could be considered as an effective
route for high efficiency 2D carbon-based thermoelectrics.

5. Conclusion

We proposed a combined atomistic and continuum multiscale
approach to systematically study the effective thermal conduc-
tivity of polycrystalline graphene sheets. We performed MD
simulations for the evaluation of the effective thermal conduc-
tivity of ultra-fine grained graphene sheets. The MD results
reveal that the ultra-fine grained graphene structures have
thermal conductivity one order of magnitude lower than that for
pristine graphene. In addition, we constructed the continuum
models of polycrystalline graphene samples using the finite
element approach. In our finite element modeling, we assumed
that all grain boundaries exhibit an effective thermal contact
conductance. This effective thermal conductance was acquired
by fitting the finite element results to the MD results for ultra-
fine grained structures. By performing the finite element
calculations for a wide range of grain sizes, close agreement
between the finite element results and MD extrapolated results
was observed. We found that for the ultra-fine grained graphene
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Fig. 9 Line conductors in series with equal lengths connected with
point conductors.

structures, the grain boundary contact resistance presents the
major contribution toward the effective thermal resistance of
the sample. We also found that the grain size distribution has a
negligible effect on the thermal conductivity of polycrystalline
graphene sheets for the grain sizes larger than 200 nm. Never-
theless, we found that by decreasing the grain size, the poly-
crystalline structures with non-uniform grain distributions have
higher thermal conductivity than samples with uniform grain
configurations. The proposed multiscale approach in this study
could be considered as an efficient approach for the modeling
of the thermal conductivity of polycrystalline graphene and
other 2D structures such as boron-nitride and molybdenum
disulfide sheets. The dependency of the graphene thermal
conductivity on the grain size suggests that the controlled
fabrication of polycrystalline graphene structures could be
considered as an effective way for tuning the graphene thermal
conductivity.

Appendix A

In this study, we extrapolate the EMD results for ultra-fine
grained polycrystalline graphene by using a first order rational
curve. This could be explained by studying the -effective
conductivity of a series of ‘n’ line conductors with equal length
of L, connected with point conductors (as shown in Fig. 9). In
this approach, line conductors and point conductors could be
considered as grains and grain boundaries, respectively.

For this system, by assuming constant values for grain
thermal conductivity (kgrain) and grain boundary conductance
(kgp), the effective conductivity, kes, is expressed by the
following relationship:

nxL nxL

=)
keff kgrain kGB

This can be rewritten as follows:

1 X Kgrain X kgp % L

ket =
ft (n — l)kgrain +n X kGB x L

This sample shows that the effective conductivity is depen-
dent on the grain's length through a first order rational curve.
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